In the context of ambitious targets for reducing environmental impact in the aviation sector, dictated by international institutions, morphing aircraft are expected to have potential for achieving the required efficiency increases. However, there are still open issues related to the design and implementation of deformable structures. In this paper, we compare three constrained parameterisation strategies for the aerodynamic design of a morphing leading edge, representing a potential substitute for traditional high-lift systems. In order to facilitate the structural design and promote the feasibility of solutions, we solve a multi-objective optimisation problem, including constraints on axial and bending strain introduced by morphing. A parameterisation method, inherently producing constant arc length curves, is employed in three variants, representing different morphing strategies which provide an increasing level of deformability, by allowing the lower edge of the flexible skin to slide and the gap formed with the fixed spar to be closed by a hatch. The results for the optimisation of a baseline airfoil show that the geometric constraints are effectively handled in the optimisation and the solutions are smooth, with a continuous variation along the Pareto frontier. The larger shape modification allowed by more flexible parameterisation variants enables an increase of the maximum lift coefficient up to 8.35%, and efficiency at 70% of stall incidence up to 4.26%.
Introduction
In the frame of increasingly stringent regulations governing the air transport sector [1], driven by environmental and economic concerns, continuing efforts are being made to reduce air traffic fuel consumption, pollutants, and noise emissions. To tackle the impact of the ever-growing volume of air traffic, with the number of transported passengers expected to increase by a factor of 7 by 2050 [2] , international institutions set ambitious targets. This encourages aircraft manufacturers to develop innovative solutions for future vehicles, looking at novel configurations and technologies. Among these, deformable or morphing structures which are able to match the vehicle's state to the environment, in order to increase its performance, have been studied over the last twenty years. Now, morphing is recognised as a technology with the potential of an effective improvement of flight efficiency by continuous adaptation of wing shape to external conditions. It can involve a change of the wing section, wing plane, or an out-of-plane deformation [3] , but a general classification has still to be agreed upon [4] .
Among the available strategies, a compliant variation of leading or trailing edge represents the natural morphing counterpart to the traditional high-lift devices that are normally used at take-off and landing. Although effective in increasing lift in these flight phases, discrete devices have been recognized as one of the main sources of airframe noise [5] . Moreover, they enhance turbulence and promote boundary layer transition, even in the retracted position [6] , penalising the efficiency at cruise and preventing laminarization. Conversely, a gapless device like a morphing leading edge, despite not providing the same lift increase of a slotted slat [7] , does not affect cruise performance and possibly enables optimal operation at different flight conditions [8] .
The morphing leading edge concept has received a fair amount of attention from the scientific community in the past few years, and has been investigated in several European projects like SADE [9, 10] , SARISTU [11] , NOVEMOR [12] , LeaTop [13] , and the Green Regional Aircraft platform of Clean Sky [14] , where structural optimisation, material selection, actuation mechanism design, and integration aspects were assessed. In fact, despite the fact that the main reason to employ this technology is the potential aerodynamic benefit, structural issues represent the main challenge for its adoption. In order to identify a set of shapes that can be actually reproduced by a structural morphing and fully exploit its potential, a multi-disciplinary approach should be followed, where the system is considered as a whole and in early stage of the design [15] .
In practice, an aerodynamic optimisation is frequently used to produce a target shape, upon which the structure is subsequently optimised. However, a crude optimisation can pose a serious feasibility issue, if the reference geometry is extremely difficult to be matched. For this reason, the structural requirements need to be somehow considered in the aerodynamic optimisation; for example, by using a parameterisation that replicates the actual airfoil deformability [6, 16] or limiting the length and curvature variation [17] of candidate solutions. A more integrated approach is reported in [18] , where concurrent aero-structural optimisation was performed in a multi-disciplinary framework. More recently, [19] employed a multi-disciplinary optimisation (MDO) for a morphing trailing edge of a regional aircraft, where constraints included size parameters and maneuver stress. A static aeroelastic coupling is described in [20] , for the Fish Bone Active camber morphing of Swansea University.
For a more standard droop-nose leading edge, where the deformable skin extends up to some fraction of the chord, typically from 10% to 20%, and the mechanism is expected to provide sufficient stiffness when locked, a full aeroelastic optimisation might not be necessary and proper introduction of structural limits in the aerodynamic analysis is expected to produce a target shape that can be reasonably obtained by optimisation of skin stiffness, actuation forces, and load application points. Aerodynamic loads are included in the structural design and a static aeroelastic analysis can, then, be used as an additional post-check verification.
The scope of this paper is to investigate suitable methods for the aerodynamic design of a morphing leading edge, by employing a constrained shape parameterisation for the aerodynamic optimisation, including structural constraints to limit the stress induced by the deformation. The study reported is part of the funded CleanSky2 OPTIMOrph project, addressing methods for optimisation of morphing structures, including specific mechanical boundary conditions. Despite that a full multi-disciplinary approach can account for all the aspects of actual technology implementation, effectively quantifying the impact of active compliant structures at different flight phases, especially for novel configurations or full span morphing, this paper is focused on the conceptual level evaluation of a morphing leading edge, employed as a substitute for traditional high-lift devices, and is aimed at identifying a procedural approach for its design.
Here, we present variants of a parameterisation strategy that tries to limit the structural stress introduced by morphing by employing a constant arc length (CAL) shape generation and including a local curvature variation constraint in the optimisation. We seek to use a technique that is able to generate individuals automatically, respecting the length constraints and also replicating the actual morphing path. Introduction of such limitations in the set of candidate solutions has the aim of facilitating the successive structural design, providing a more reliable quantification of the effective capability of replacing traditional slats by means of a compliant structure. In fact, despite the potential benefits of a morphing leading edge described above, the extent of the shape change cannot guarantee the same level of lift increase, compared to standard devices. By analysing three variants within the same parameterisation framework, we show that it is possible to enhance the airfoil deformability while fulfilling geometric constraints, thus allowing for a larger gain in the aerodynamic optimisation.
The rest of the paper presents the optimisation problem, the methods for objectives evaluation, and the parameterisation technique employed; reporting results for two cases and comparing them, in light of the three variants adopted.
Optimisation Framework
In order to check different formulations for the aerodynamic design of the morphing leading edge, we set up an optimisation framework to be applied to a starting geometry to find optimal morphed solutions. The undeformed reference shape was chosen to be a NACA 65(3)-218 airfoil, shown in black in Figure 1 , whose experimental characteristics are known [21] . The rest of the section illustrates the various components of the optimisation loop, starting from the problem formulation. 
Problem Formulation and Objectives Evaluation
Typical objectives of optimisation for morphing include maximisation of lift to drag ratio at constant C l [16, 20] , or with C l as a constraint [22] , and also C d minimisation [23] [24] [25] . As the purpose of the study was to investigate the high-lift performance of a compliant droop-nose, we defined a multi-point and multi-objective optimisation seeking to maximise the performance at take-off and landing, in terms of maximum lift coefficient and aerodynamic efficiency:
with Mach number 0.15 and Reynolds number 9 × 10 6 . Aerodynamic and geometric constraints were added to the problem and treated with the penalty function approach (subscript 0 refers to a reference condition):
The first ensures that only individuals with a lift coefficient higher than the baseline one are selected, the others are geometric constraints that restrict the axial and bending deformation introduced by the morphing and facilitate the structural design. A similar approach is described in [17, 26] , where curve elongation was avoided and maximum local curvature variation, related to bending deformation, was limited. The threshold value of 20 (1/m) was derived from analysis of allowable curvature versus bending stress for a Fiber-reinforced Plastic (FRP) structure, optimized for bending in morphing applications.
For the evaluation of aerodynamic performance, we used a validated Computational Fluid Dynamics (CFD) model employing commercial software: Pointwise for mesh generation and the finite volume solver ANSYS Fluent. The validation activity involved the choice of turbulence model and an assessment of sensitivity to mesh topology and size. Turbulence model was first selected by comparing the numerical results of lift and drag polars with experimental data for NACA 65(3)-218. Figure 2a shows the C l (α) curve obtained experimentally and numerically, with four CFD turbulence models, Spalart-Allmaras (SA) [27] , κ − ω SST [28] , κ − ω SST γ-Transition [29] , and γ − Re θ [30] , and a well-known panel-based code, XFOIL [31] . All the CFD models gave similar results up to α = 10 • , but κ − ω SST provided a better estimation of curve trend at higher incidence. Instead, XFOIL was unable to capture the stall, due to the limitations inherent to its approach. In terms of drag coefficient, Figure 2b shows that the fully-turbulent models κ − ω SST and SA had the same prediction at low α, whereas transitional CFD models offered an advantage at moderate incidence and outside the laminar bucket. In that region, only XFOIL correctly reproduced the experimental curve. Given the interest to study the high-incidence behaviour of the morphing leading edge, κ − ω SST was selected, due to its capacity to better represent the reference results in that condition. In the second phase of the validation, the grid dependency was more deeply studied by assessing the influence of topology (O-grid versus C-grid), far-field radius, and number of points per airfoil side. The O-grid topology was chosen over a C-grid for the higher flexibility in meshing general shapes in a fully automatic way, a very small difference between them in predicted values and a lower number of cells required. In general, it was difficult to obtain a complete correspondence with experimental data, regardless of the mesh employed. A parametric study of farfield radius of grids with different number of cells (from 55k to 200k) revealed that the error in maximum lift coefficient was less sensitive to cell number for wider domains and could be reduced by decreasing domain size. In Figure 3a , the best result for the relative percentage error on C l,max at different farfield radii is reported. The final selected model was the one giving the lowest error on stall C l , equal to 2.75%, with a farfield radius of 25 chord length, 240 points per airfoil side, and a total of 100k cells. Like all other cases examined, the first wall spacing was chosen to obtain y + ≈ 1.0. Hyperbolic extrusion was used to provide wall orthogonality over the whole airfoil, with an expansion ratio of 1.06. The maximum aspect ratio was 2500, in the boundary layer region. The minimum included angle was above 88.5 • for 98.5% of cells, with a minimum value of 30 • near the trailing edge. The validated lift and drag polars are depicted in Figure 3b . Computation of objectives requires the identification of stall condition, hereafter denominated as design point DP1, and incidence where C l is 70% of the maximum value, indicated as DP2. A conditional grid search with 1 • resolution around baseline stall incidence was used to find DP1, while at DP2 the Regula Falsi algorithm was chosen and convergence to the right incidence within a 1% tolerance on C l was achieved in three iterations at most, thanks to a judicious choice of starting point. This led to an average total number of CFD calls per individual evaluation of 4.63 in the first optimisation.
The optimisation method used was GeDEA-II [32] , an in-house multi-objective genetic algorithm implementing modified genetic operators which inherently drive the search towards feasible optima and includes genetic diversity as a real objective. To this purpose, GeDEA-II proved unique in its capabilities for handling multiple constraints and numerical tests conducted on highly multimodal functions with multiple constraints revealed algorithm superiority, with respect to other evolutionary strategies [33] .
Parameterisation Strategy
The final component of the optimisation loop is the parameterisation technique. It is known that it has a large impact on the obtained solution and it should be flexible enough to cover the whole design space, produce smooth shapes, allow a local control of geometrical parameters, and provide a small set of coefficients with, possibly, a direct physical meaning [34] . Various techniques are reported in the literature for morphing problems, including polynomials [35] , Radial Basis Function (RBF) [16] , Class/Shape Transformation (CST) [17, 36] , and Free Form Deformation (FFD) [19] .
In our previous work, we also used the CST technique [37] where a novel strategy allowed generation of curves attaining a constant arc length to reduce the induced axial strain, applying both multi-objective and multi-point optimisation to different problems, using a genetic algorithm and a hybrid optimisation strategy with metamodel assistance [38] . Despite the good results obtained, we aim to overcome some limitations of the previous approach that made it less suitable for high-lift optimisation. To this end, we redefined the parameterisation method relying on cubic B-Splines. Contrary to CST, where the whole airfoil is described by a polynomial function representing a generalisation of Bézier curves, and least-square minimisation is employed to confine the morphing to the front part of the airfoil, B-Splines enable a more intuitive local deformation through control point movement. The CAL attainment procedure followed the work of Bettadapura [39] , and was originally intended for Bézier curves. However, due to their similar definition, it was applied first to CST, as fully described in [38] , and it could be reused also for B-Splines. Thanks to this algorithm, the CAL requirement is inherently satisfied, whenever it is possible, every time a new individual is generated by the optimiser.
The baseline length was chosen to be the arc length of the reference shape within the first 15% of the chord, corresponding to the morphing region; the remainder of the wing being fixed. The CAL attainment requires a further degree of freedom to be invoked to recover the unperturbed length, once a modification of the curve is introduced. It is based on an iterative procedure where the non-linear relationship between the global arc length and the displacement of a specified control point, representing a dependent variable, is repeatedly locally approximated. The advantage of B-Spline parameterisation over CST for our problem is that there is a better local control of the curve, only the deformable part is represented, the chord can be changed without any problem, and the movement of a control point can produce only a localised variation. These aspects are particularly useful since they allow a certain flexibility in the definition of the control points (CP) and, in particular, in the choice of which of them have to be moved according to the CAL procedure.
The first formulation tested, named variant A, used ten control points to fully represent the deformable skin with a cubic B-Spline, whose edges lay in correspondence of a normalized abscissa x/c = 0.15. C(1), and continuity was ensured by fixing a pair of consecutive points on each edge. Nine design variables (DV) were used to specify the x-and y-displacements of moving CPs, whose bounding box is shown in Figure 4a . The ordinate of point, indicated as P8, instead, was a dependent variable found through the CAL procedure. Its positioning on the pressure side alleviates potential undesirable effects, due to its displacement being not directly settable. In fact, for some excessive deformation, the unperturbed length cannot be recovered any more and warped individuals could be generated. An active bound on P8 displacement guarantees that, even in that condition the resulting shape is smooth enough to be simulated by CFD, its fitness will be penalised as described above.
The second formulation, named variant B, aimed at providing more deformability by alleviating the C(1) constraint on the lower edge of the curve. The B-Spline now has nine CPs, and ends at point P9 in Figure 4b , which is moved horizontally according to the CAL procedure. In this configuration, the lower edge can slide to provide extra flexibility (e.g., to increase chord length), while fulfilling the geometric constraint. The gap created with the fixed part of the airfoil is closed by a straight hatch connecting the two edges. Eleven DVs fully describe each morphed geometry.
In the third variant C, similarly to the previous one, point P9 in Figure 4c can slide along a specified direction, θ, measured counter-clockwise from the positive x-axis. The direction θ is a twelfth DV and was introduced since, due to the straight hatch, two corners appears at its edges: By changing the displacement direction of P9, it is possible to achieve higher smoothness and possibly larger deformability. The extent of the displacement was again found with the CAL procedure. 
Results and Discussion
The optimisation framework was applied to two main cases, using the three variants described above. In the first case, the fixed region corresponded to the NACA 65(3)-218 airfoil with a clean trailing edge, shown as dashed in Figure 1 . The objective of maximisation of lift coefficient, required to bring the airfoil to stall, happened at 17 • for NACA profile. That high incidence condition appeared demanding for the optimiser, which was expected to exploit the whole bending margin in order to reduce the angle between the chord tangent at nose and the flow direction. In this way, the constraint handling effectiveness can be tested and also related to the actual achievable lift coefficient.
In a second case, the same problem was applied with a slotted flap in the trailing edge, as shown in Figure 1 . This condition was more realistic, and by reducing the stall angle of attack could enable the morphed leading edge to better adapt to flow direction, given the deformability constraint.
In the following, the results obtained for the two cases are reported and discussed, comparing the parameterisation variants adopted.
Optimisation without Flap
The optimisation framework was first applied to the clean NACA 65(3)-218, as reference airfoil, using the parameterisation Variant A and finding a set of Pareto optimal solutions. As the potential of morphing is to allow the adaption of the nose shape to different flight conditions, we defined a new baseline having a shape in an intermediate position between the undeformed initial geometry, which was found to be near optimum for minimum drag with target C l at cruise condition, and the best compromise Pareto airfoil. This new baseline airfoil, hereafter denoted as intermediate and depicted in red in Figure 1 , belonged to a partial converged front and was then reused as reference shape in a second run, where the population size was 30 and total number of generations was 50. Being partially bent, it represented a better starting point which provided further deformability. The optimisation was also extended to Variants B and C.
The normalized Pareto frontiers obtained are shown in Figure 5 , from which a further objective reduction, when enabling additional deformation paths, is evident. Table 1 summarizes the change in aerodynamic coefficients for airfoils at the edges of the curves, reporting relative percentage variations, with respect to the intermediate baseline. The extra deformability provided by Variants B and C led to higher maximum lift coefficient in all the cases considered. Reaching a greater C l,max also increases C l at DP2, which is the main reason for obtaining a better L/D ratio, since a slight drag growth was compensated by a larger lift. It can also be noticed that, apart from Variant C, efficiency improved at both design points for the best L/D airfoils. For the opposite case of Figure 6a , the use of a moving lower edge allowed for more than double the stall C l relative gain at DP1, from 1.82% for Variant A to 4.07% for Variant C. Compared to the clean NACA geometry, the variation in C l,max was up to 7.25% for Variant A and 9.61% for Variant C. Selected airfoils on three Pareto fronts obtained, corresponding to best L/D, best compromise, and best C l cases of Figure 5 , are depicted in Figure 6 . By analysing the results for the first variant, a smooth and continuous variation can be observed for airfoil shapes, with rightmost Pareto individuals (Figure 6c ) featuring a smaller nose radius and a slight pressure side concavity. Proceeding towards higher maximum lift coefficients, the nose becomes rounder and the downward bending larger. A similar trend can be observed for Pareto airfoils obtained with Variant B, shown in red in Figure 6 , and also for Variant C, shown in green; even though, in the latter case, with a lower variability and a thicker nose. Distribution of pressure coefficients for best C l airfoils at DP1 is reported in Figure 7 . The different chord makes the comparison of integral quantities less evident, but it can be observed that the major variation occured near the leading edge at upper side. The suction peak was progressively smoothed and redistributed from NACA airfoil to Variant C, with the formation of a region of lower pressure insisting on the morphing skin and gently degrading, up to mid chord. In Variants A and C, the kink following the suction peak was pronounced and followed by a region contributing to the total lift, thanks to an almost constant pressure. This is exacerbated in Variant B, having a straight upper side, where the curve was not monotonic and the initial pressure recovery was followed by a second flow acceleration generating a bubble, prior to the beginning of the fixed part of the airfoil. Further downstream, Variants B and C curves were very similar and slightly below the intermediate baseline from 0.4 to 0.62 x/c, while Variant A had a lower C p compared to that baseline, up to the latter location. The corner at the pressure side, due to the hatch, seems to have a limited effect in the flow development in the model employed. The movement of point P9 led to an increase of the airfoil chord, conversely to the first variant where the chord decreased, resembling the deployment of a traditional slat. With regards to the difference between choosing a fixed or variable displacement direction for the point, a parametric study performed prior to the optimisation suggested that, in general, θ should be small. This was confirmed by the optimisation and the largest θ for Pareto individuals was 7.5 • . We chose to keep only Variant C for the next case, dealing with a trailing edge flap, due to the greater performance achievable.
Optimisation with Flap
The optimisation problem was also solved in the presence of a flap, to replicate a more realistic case, for the first and third strategies. The slotted flap, shown with a black solid line in Figure 1 , was adapted to the NACA airfoil and had a fixed deflection angle of 15 • , providing a stall C l of 2.25 for that airfoil. In this way, it was possible to keep the leading edge morphing effect predominant, and to make a fair comparison with the preceding result.
The initial population of the GA was partially filled with Pareto individuals from the previous run. Indeed, the airfoils at the edges of the frontier, shown in Figure 8 , are very similar to those of Figure 6 . The shape change across the front was, again, smooth, and Variants A and C produced resembling geometries, indicating that the lift increase mechanism is the same. This was confirmed by the pressure coefficient distribution at DP1, reported in Figure 9a , where curves show an attenuation of suction peak in morphed geometries, analogous to the previous case. Similarly, Mach number contours, illustrated in Figure 10 for the same geometries, show the spreading of the high-velocity area present in the clean baseline. The main variation occurs near the leading edge, but a slight thinning of the wake can be noticed in optimised airfoils. Looking at the aerodynamic coefficients for selected Pareto individuals in Table 2 , it can be observed that, at DP1, C l variation had an extent comparable to the no-flap case and the same holds for L/D at DP2, for both variants. Differently, there was a substantial drag reduction at DP1, which was not achieved before, ameliorating the efficiency by 9.42% for Variant A and up to 13.72% for Variant C, at the left Pareto edge.
By inspecting how pressure and viscous forces contributed to the overall drag, the reason for this improvement was attributed mostly to pressure change at the leading edge. This is visible in Figure 9b , where pressure and viscous components at DP1 in different airfoil zones are plotted, for clean, intermediate baseline and the best C l optimised geometry. The major variation affecting the drag occurred for the pressure force in the airfoil, where its redistribution, caused by leading edge bending, produced a favourable effect, with a net reduction up to 73% for Variant C. The viscous part in the same zone, instead, progressively incremented, up to 24.5% for Variant C, compared to the NACA profile, while in the other zones it appeared similar for all the shapes. However, the viscous contribution to the overall drag at high incidence was small, as shown in the figure, amounting to 17% of C d on average, with higher values for optimised shapes. The additional reduction of objective value, enabled by the looser formulation, was slightly lower than the previous result; in particular, for C l,max of leftmost Pareto points, going from 2.26% to 1.74%. In terms of displacement direction of P9, Figure 8 shows that it was, again, close to horizontal. Its distribution along the Pareto front had a similar trend for both optimisation cases, reaching a maximum of about 7.5 • near the centre, and rapidly decreasing while approaching the borders. The use of a variable direction could complicate the design of the actuation mechanism, especially if different target shapes are to be matched. However, a fixed moderate value of θ angle could well allow the reproduction of shapes in the middle of Pareto front, those that exhibit the best compromise in terms of objectives.
Conclusions
This paper presents a comparative study of parameterisation approaches for the aerodynamic optimisation of a morphing leading edge airfoil, providing an increasing level of deformability. Inclusion of structural limitations during the optimisation is mandatory to restrict the candidate solutions only to those that could be matched in reality by an actuation mechanism deforming the skin, especially when the boundary conditions require a large change in shape. The constraint handling strategy, based on a constant arc length parameterisation for curve generation and the use of an optimisation algorithm with inherent capabilities of driving the search towards feasible optima, appeared effective in producing shapes featuring a smooth variation along the Pareto frontier, which is advantageous, in light of the requirements of continuous adaptation to external conditions and full exploitation of morphing benefits.
The use of non-standard configurations with a movable lower edge of the flexible skin was also investigated, in order to provide extra deformability to the structure without violation of the constraints. Results of high-lift optimisation, also in presence of a trailing edge flap, showed that, in this case, it was possible to reach a larger increase in maximum lift coefficient and efficiency, both at stall and near peak point. Despite the advantages obtained, it is known that the performance gap with multi-element leading edge devices cannot be closed. Moreover, non-smooth connection in the lower side may hamper flow laminarisation, as in Kreuger flaps, partially limiting the benefits of a seamless skin, also, in terms of noise generation. In the fully turbulent flow model employed, it was not possible to analyse this aspect and the disturbance caused by pressure side corners appeared to be limited.
Finally, the presence of the hatch that must connect to the fixed part of the airfoil poses new challenges in the structural modelling, in terms of stiffness and actuation mechanism design. The additional system complexity should be compared against the achievable performance improvement, in order to establish the effective validity of the solution. The structural implications and possible implementation strategies will be evaluated in the more comprehensive frame of the OPTIMOrph project. 
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